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Abstract
Catalytic nitrite was found to enable carbon-oxygen bond-forming reductive elimination from 
unstable alkyl palladium intermediates, providing dioxygenated products from alkenes. A variety 
of functional groups are tolerated and high yields (up to 94%) are observed with many substrates, 
including a multi-gram scale reaction. Nitrogen dioxide, which could form from nitrite under the 
reaction conditions, was shown to be kinetically competent in the dioxygenation of alkenes. 
Furthermore, the reductive elimination event was probed with 18 O-labeling experiments, which 
demonstrated that both oxygen atoms in the difunctionalized products are derived from one 
molecule of acetic acid.
Keywords
alkenes; high-valent; oxidation; palladium; oxygen
The development of selective, catalytic oxidations of hydrocarbons has enabled the 
preparation of functionalized molecules from simple and readily accessible starting 
materials. Palladium catalysis has enabled a wide variety of practical and broadly adopted 
oxidative transformations of hydrocarbons.[1] In the past decade, researchers have taken 
advantage of the facile reductive elimination from high-valent palladium centers (Pd(IV) 
and Pd(III)) to enable reactivity complementary to Pd(II/0) oxidative transformations.[2] 
This high-valent mechanistic manifold has enabled attractive complexity-building 
transformations such as C–H oxidations[2c,2e] and alkene difunctionalizations.[3–5] 
Unfortunately, wasteful, high-energy stoichiometric oxidants, such as PhI(OAc)2, are 
typically required to access high-valent palladium centers. Despite the apparent advantages 
of replacing these stoichiometric oxidants with abundant and environmentally benign O2, 
the use of O2 to access high-valent palladium intermediates remains a tremendous challenge 
due to the high kinetic barriers of aerobic oxidation of organopalladium(II) 
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intermediates.[3f,6] Thus, there is a pressing need to develop strategies to facilitate reductive 
elimination using oxygen as the terminal oxidant.
In contrast to oxidation of Pd(II) to Pd(IV), strategies to oxidize Pd(0) to Pd(II) using 
molecular oxygen as the terminal oxidant are well established. Pd(II/0) transformations were 
rendered aerobic over half a century ago by employing copper salts as electron transfer 
mediators (ETMs) to circumvent the kinetic barriers that limited direct aerobic oxidation of 
palladium catalysts.[7,8] This development precipitated the widespread industrial adoption of 
the Wacker process for the bulk preparation of acetaldehyde from ethylene using O2 as the 
terminal oxidant.[9] If a suitably oxidizing and kinetically reactive ETM could be identified, 
this strategy would enable use of molecular oxygen as a terminal oxidant in high-valent 
palladium catalysis. Recently, NOx species have been shown to be capable of mediating the 
aerobic oxidation of stable alkyl–Pd(II) palladacycles to their high-valent congeners.[10–12] 
However, many Pd(IV/II) processes require rapid oxidation of a kinetically unstable 
organopalladium species to circumvent intramolecular decomposition pathways.[13] For 
example, palladium-catalyzed alkene difunctionalization reactions rely upon immediate 
oxidation of alkyl–Pd(II) intermediates to avoid the facile β-hydride elimination that 
produces Wacker-type byproducts (Scheme 1). An ETM strategy capable of providing 
aerobic access to these products would not only be a valuable alternative to conventional 
synthetic methodologies but would also demonstrate the potential of an ETM strategy to 
enable facile reductive elimination in a kinetically challenging context.
We have recently developed an unusual nitrite-modified Wacker-type oxidation system. 
Nitrogen dioxide was suspected to be formed as a reactive intermediate.[14,15] Under acidic 
conditions, molecular oxygen possesses an oxidation potential comparable to PhI(OAc)2.[16] 
Thus, acidification of our catalytic system could enable catalytic NOx to oxidize an alkyl–
Pd(II) intermediate and facilitate C–O bond forming reductive elimination to provide 
difunctionalized products. The efficient aerobic oxidation of NO makes these species ideal 
electron transfer mediators.[15a,17] As a preliminary arena in which to evaluate this strategy, 
we investigated the dioxygenation of alkenes. An aerobic, palladium-catalyzed 
dioxygenation would provide an attractive alternative to toxic OsO4, which is classically 
employed in alkene dihydroxylation.[18]
Replacement of the alcohol solvent in our previously reported nitrite-modified Wacker 
oxidation conditions with acetic acid suppressed Wacker-type oxidation (characteristic of 
Pd(II)) and promoted alkene difunctionalization (characteristic of Pd(IV) or Pd(III)) 
(Scheme 2). Initial optimization revealed that increasing the amount of the nitromethane co-
solvent and raising the temperature slightly to 35 °C improved the kinetics and 
reproducibility of the reaction.[19]
Intriguingly, each catalytic component of the original nitrite-modified Wacker oxidation 
system was necessary to facilitate mild alkene difunctionalization (Table 1, entries 2–4). No 
oxidation products were observed in the absence of either palladium (entry 2)[20] or nitrite 
(entry 3). Omission of the copper salt resulted in poor selectivity for the dioxygenated 
reductive elimination products relative to β-hydride elimination products. Furthermore, 
copper was found to be necessary to achieve efficient catalytic turnover (entry 4). However, 
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although copper is commonly employed as an oxidant for Pd(0), another classical oxidant to 
mediate Pd(II/0) catalytic cycles, benzoquinone, proved an unsuitable substitute providing 
poor yield and selectivity (entry 5). Unfortunately, beyond these empirical observations, the 
role of the copper salt remains unclear.[21] Replacement of AgNO2 with NaNO2 resulted in 
dioxygenated products in low yield, demonstrating that nitrite alone is sufficient to facilitate 
the key product-forming reductive elimination and that the Ag(I) counterion is critical for 
efficient oxidation (entry 6).[22] Silver nitrate similarly catalyzed product formation, albeit 
with reduced yield (entry 7). In the presence of nitrite and nitrate salts, no significant 
Wacker-type byproducts were observed by 1H NMR. Despite the significant excess of acetic 
acid, palladium and copper acetate salts were not competent catalysts under these conditions 
(entry 8).
Given the potential synthetic utility of this aerobic, palladium-catalyzed dioxygenation 
reaction, the functional group tolerance of the transformation was next examined by 
subjecting alkenes bearing a variety of functional groups to the reaction conditions (Table 
1). Primary alkyl bromides, esters, alkyl and aryl ethers, phthalimides, sulfonamides, 
carboxylic acids and nitro groups were all well tolerated under the reaction conditions. This 
broad functional group compatibility bodes well not only for the adoption of this aerobic 
dioxygenation reaction in synthesis but also for the potential application of a nitrite-based 
ETM strategy for other aerobic, palladium-catalyzed alkene difunctionalization reactions, 
such as aminooxygenation and diamination.
(1)
To fully realize the environmental and economic benefits offered by employing molecular 
oxygen as the stoichiometric oxidant, the process must be scalable. To evaluate the reaction 
efficacy on preparative scale, a 2-gram scale reaction was performed (Eq. 1). The high 
efficiency that was observed on small scale was mirrored upon scale-up.
Having demonstrated the synthetic utility of the process, we sought to elucidate the role of 
the key nitrite co-catalyst in the reaction. We suspected that the AgNO2 salt produces an 
NOx species, such as nitrogen dioxide, in situ, which would be sufficiently oxidizing and 
kinetically reactive to oxidize unstable palladium(II)–alkyl intermediates to Pd(III) or 
Pd(IV) analogs faster than β-hydride elimination. To probe this hypothesis, reaction profiles 
of the stoichiometric oxidation of 1-dodecene employing nitrite and nitrogen dioxide were 
compared (Figure 1). Both nitrite and nitrogen dioxide mediated conversion of the alkene to 
the diacetate product, conclusively demonstrating that nitrogen dioxide is a kinetically 
competent reactive intermediate.[23] Importantly, if neither oxidant is added, stoichiometric 
palladium and copper are insufficient to provide dioxygenated products, illustrating that the 
NOx catalyst is necessary to reach the product-forming step of the transformation. These 
experiments are consistent with a mechanistic picture in which the NOx species mediates the 
C–O bond-forming reductive elimination step. Given the high oxidation potential of NOx 
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species such as NO2, an NOx species derived from nitrite may oxidize the Pd(II)–alkyl 
species to a high-valent palladium-alkyl intermediate to circumvent β-hydride elimination 
and accelerate reductive elimination. However, the intriguing possibility of a rapid ligand 
mediated C–O bond-forming reductive elimination from Pd(II) cannot be ruled out.
To gain further insight into the C–O bond-forming reductive elimination event, the source of 
the oxygen atoms in the dioxygenated product was elucidated. The oxygen atoms could 
conceivably be derived from molecular oxygen, nitrite, acetic acid, or adventitious water. To 
discriminate between these possibilities, the reaction was conducted with 18O-labeled AcOH 
(Table 3). Upon ester hydrolysis, this experiment provided conclusive evidence that both 
oxygen atoms in the difunctionalized product were derived from the solvent, AcOH.[24] To 
determine whether the two oxygen atoms were derived from a single molecule of acetic 
acid, we devised a modified 18O labeling experiment in which the reaction was conducted in 
a 1:1 mixture of 18O-AcOH and 16O-AcOH. Only 18O/18O- and 16O/16O-diol products (A 
and C respectively) were observed, illustrating that both oxygen atoms are derived from a 
single molecule of acetic acid.
Taken together, these experiments suggest a reaction manifold in which initial alkene 
nucleopalladation with acetic acid is followed by oxidation to a high-valent palladium 
intermediate (Pd(IV) or Pd(III)) by an NOx species (potentially NO2). This high-valent 
palladium intermediate next undergoes intramolecular reductive elimination to liberate an 
acetoxonium ion that is subsequently hydrolyzed. This mechanism is analogous to the 
mechanism suggested by Dong and co-workers for the PhI(OAc)2 mediated dioxygenation 
of alkenes.[26]
In summary, we have demonstrated that challenging C–O bond-forming reductive 
eliminations from unstable palladium-alkyl species capable of β-hydride elimination can be 
affected by addition of a nitrite co-catalyst and molecular oxygen. This ETM strategy was 
demonstrated in the efficient dioxygenation of alkenes, providing a non-toxic and 
environmentally benign alternative to traditional alkene dioxygenation conditions. In 
addition to the synthetic value of this transformation, important mechanistic evidence 
regarding the role of the nitrite co-catalyst and the reductive elimination step was provided. 
We anticipate that this work will stimulate further exploration of strategies to replace high-
energy stoichiometric oxidants with molecular oxygen.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
References
1. a Tsuji, J. Palladium Reagents and Catalysts: New Perspectives for the 21st Century. Wiley; 2004. b 
Backvall, JE. Modern Oxidation Methods. Wiley-VCH; 2004. 
2. For selected reviews regarding high-valent palladium catalysis, see: Muñiz K. Angew. Chem. Int. 
Ed. 2009; 48:9412–9423.Xu L-M, Li B-J, Yang Z, Shi Z-J. Chem Soc Rev. 2010; 39:712–733. 
[PubMed: 20111789] Engle KM, Mei T-S, Wang X, Yu J-Q. Angew. Chem. Int. Ed. 2011; 
50:1478–1491.Sehnal P, Taylor RJK, Fairlamb IJS. Chem. Rev. 2010; 110:824–889. [PubMed: 
20143876] Hickman AJ, Sanford MS. Nature. 2012; 484:177–185. [PubMed: 22498623] 
Wickens et al. Page 4
Angew Chem Int Ed Engl. Author manuscript; available in PMC 2016 January 02.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Vedernikov AN. Acc. Chem. Res. 2012; 45:803–813. [PubMed: 22087633] Powers DC, Ritter T. 
Acc. Chem. Res. 2012; 45:840–850. [PubMed: 22029861] Powers DC, Ritter T. Top. Organomet. 
Chem. 2011; 503:129–156. [PubMed: 21461129] 
3. For examples of alkene dioxygenation using high-valent palladium catalysis, see: Li Y, Song D, 
Dong VM. J. Am. Chem. Soc. 2008; 130:2962–2964. [PubMed: 18281992] Neufeldt SR, Sanford 
MS. Org. Lett. 2013; 15:46–49. [PubMed: 23249401] Wang A, Jiang H, Chen H. J. Am. Chem. 
Soc. 2009; 131:3846–3847. [PubMed: 19292485] Wang W, Wang F, Shi M. Organometallics. 
2010; 29:928–933.Park CP, Lee JH, Yoo KS, Jung KW. Org. Lett. 2010; 12:2450–2452. [PubMed: 
20455553] Wang A, Jiang H, Chen H. J. Am. Chem. Soc. 2009; 131:3846–3847. [PubMed: 
19292485] 
4. For examples of alkene aminooxygenation using high-valent palladium catalysis, see: Alexanian EJ, 
Lee C, Sorensen EJ. J. Am. Chem. Soc. 2005; 127:7690–7691. [PubMed: 15913354] Liu G, Stahl 
SS. J. Am. Chem. Soc. 2006; 128:7179–7181. [PubMed: 16734468] Desai LV, Sanford MS. 
Angew. Chem. Int. Ed. 2007; 46:5737–5740.Liskin DV, Sibbald PA, Rosewall CF, Michael FE. J. 
Org. Chem. 2010; 75:6294–6296. [PubMed: 20738146] Zhu H, Chen P, Liu G. J. Am. Chem. Soc. 
2014; 136:1766–1769. [PubMed: 24417595] 
5. For examples of alkene diamination using high-valent palladium catalysis, see: Streuff J, 
Hövelmann CH, Nieger M, Muñiz K. J. Am. Chem. Soc. 2005; 127:14586–14587. [PubMed: 
16231907] Muñiz K. J. Am. Chem. Soc. 2007; 129:14542–14543. [PubMed: 17985900] Muñiz K, 
Hövelmann CH, Streuff J. J. Am. Chem. Soc. 2008; 130:763–773. [PubMed: 18081279] Sibbald 
PA, Michael FE. Org. Lett. 2009; 11:1147–1149. [PubMed: 19203248] Iglesias Á, Pérez EG, Muñiz 
K. Angew. Chem. Int. Ed. 2010; 49:8109–8111.
6. For examples of aerobic access high-valent organopalladium species based on ligand structure, see: 
Zhang J, Khaskin E, Anderson NP, Zavalij PY, Vedernikov AN. Chem. Commun. 2008:3625.Tang 
F, Zhang Y, Rath NP, Mirica LM. Organometallics. 2012; 31:6690–6696.Khusnutdinova JR, Rath 
NP, Mirica LM. J. Am. Chem. Soc. 2012; 134:2414–2422. [PubMed: 22239690] Zhang Y-H, Yu J-
Q. J. Am. Chem. Soc. 2009; 131:14654–14655. [PubMed: 19788192] 
7. Smidt J, Hafner W, Sedlmeier J, Jira R, Rüttinger R. Angew. Chem. 1959; 71:176–182.
8. For reviews regarding use of oxygen as the terminal oxygen in Pd(II/0) catalytic cycles, see: 
Gligorich KM, Sigman MS. Chem. Commun. 2009:3854–3867.Campbell AN, Stahl SS. Acc. 
Chem. Res. 2012; 45:851–863. [PubMed: 22263575] Piera J, Bäckvall J-E. Angew. Chem. Int. Ed. 
2008; 47:3506–3523.Wu W, Jiang H. Acc. Chem. Res. 2012; 45:1736–1748. [PubMed: 22839752] 
9. Jira R. Angew. Chem. Int. Ed. 2009; 48:9034–9037.
10. For an example employing NOx species to stoichiometrically oxidize a stable organopalladium 
intermediate, see: Cámpora J, Palma P, del Río D, Carmona E, Graiff C, Tiripicchio A. 
Organometallics. 2003; 22:3345–3347.
11. For examples in which NOx species are proposed to oxidize stable palladacycles to Pd(IV) to 
facilitate reductive elimination of a nitro group, see: Majhi B, Kundu D, Ahammed S, Ranu BC. 
Chem. Eur. J. 2014; 20:9862–986. [PubMed: 25043150] Dong J, Jin B, Sun P. Org. Lett. 
2014,10.1021/ol502090n. 
12. For an example of in situ generated NOx species oxidizing stable palladacycles to facilitate 
reductive elimination in a catalytically relevant context, see: Stowers KJ, Kubota A, Sanford MS. 
Chem. Sci. 2012; 3:3192–3195. [PubMed: 23050075] 
13. For a discussion of the mechanistic pathways accessible proceeding nucleopalladation, see: Rajabi 
J, Lorion MM, Ly VL, Liron F, Oble J, Prestat G, Poli G. Chem. Eur. J. 2014; 20:1539–1546. 
[PubMed: 24403244] Sigman MS, Jensen KH. Org. Biomol. Chem. 2008; 6:4083. [PubMed: 
18972034] 
14. a Wickens ZK, Morandi B, Grubbs RH. Angew. Chem. Int. Ed. 2013; 52:11257–11260.b Wickens 
ZK, Skakuj K, Morandi B, Grubbs RH. J. Am. Chem. Soc. 2014; 136:890–893. [PubMed: 
24410719] 
15. In addition to the aldehyde-selective nitrite-modified Wacker developed in our laboratory, 
palladium nitrites have been previously investigated for aerobic oxidation chemistry. For Wacker-
type oxidations, see: Andrews MA, Kelly KP. J. Am. Chem. Soc. 1981; 103:2894–2896.Andrews 
MA, Cheng CWF. J. Am. Chem. Soc. 1982; 104:4268–4270.Andrews MA, Chang TCT, Cheng 
CWF. Organometallics. 1985; 4:268–274. For an example of a palladium nitrite complex 
Wickens et al. Page 5
Angew Chem Int Ed Engl. Author manuscript; available in PMC 2016 January 02.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
producing an unselective (roughly 1:1) mixture of hydroxyacetate and Wacker-type products with 
modest (mostly <10) turnovers, see: Mares F, Diamond SE, Regina FJ. J. Am. Chem. Soc. 1985; 
107:3545–3552.
16. a Oxtoby, DW.; Gillis, HP.; Nachtrieb, NH. Principles of Modern Chemistry. 5th edition. 
Thomson, Brooks, Cole; London: 2002. p. A42b Giffard M, Mabon G, Leclair E, Mercier N, 
Allain M, Gorgues A, Molinie P, Neilands O, Krief P, Khodorkovsky V. J. Am. Chem. Soc. 2001; 
123:3852–3853. [PubMed: 11457131] 
17. For a review regarding nitric oxide in transition metal chemistry, see: Ford PC, Lorkovic IM. 
Chem. Rev. 2002; 102:993–1018. [PubMed: 11942785] 
18. For reviews of osmium-catalyzed dihydroxylation, see: Schroeder M. Chem. Rev. 1980; 80:187–
213.Kolb HC, VanNieuwenhze MS, Sharpless KB. Chem. Rev. 1994; 94:2483–2547.
19. It is common practice to shield reactions involving silver salts from light, however, it is important 
to note that shielding the reaction mixture from light is necessary to maintaining reproducible 
kinetic profiles.
20. In addition to simply omitting the palladium salt, catalytic Brønsted acids such as TfOH and HBF4 
were used in place of palladium salts but produced no dioxygenated products.
21. It is possible that a heterobimetallic complex is formed with bridging chloride ligands. 
Alternatively, copper could necessary to oxidize Pd(0) species even though benzoquinone is not a 
competent replacement.
22. For examples of Ag(I) acting as a non-innocent cation, see: Lu Y, Wang D-H, Engle KM, Yu J-Q. 
J. Am. Chem. Soc. 2010; 132:5916–5921. [PubMed: 20359184] Anand M, Sunoj RB, Schaefer HF 
III. J. Am. Chem. Soc. 2014; 136:5535–5538. [PubMed: 24697273] 
23. The competency of nitrogen dioxide in place of silver nitrite combined with the non-zero 
dioxygenation yields observed with catalytic NaNO2 leads us to suspect that the Ag(I) cation does 
not play a central mechanistic role. We speculate that the superiority of the silver salt is due to 
rapid salt metathesis rates with the metal chloride salts.
24. Prior to ester hydrolysis the hydroxyacetate product was determined to be doubly labeled, 
indicating that the carbonyl oxygen atom is not derived from acetic acid. For further discussion of 
the labeling experiment, see the supporting information.
25. Maestri G, Malacriaab M, Derat Chem E. Commun. 2013; 49:10424–10426.
26. In ref. 3a, an analogous mechanism is proposed with PhI(OAc)2 oxidizing Pd(II) to Pd(IV) in place 
of NO2. H 182O was used to illustrate that carbonyl oxygen atom is derived from H2O. However, 
subsequent work cast doubt on the involvement of Pd(IV) intermediates in the mechanism: Kang 
Y-B, Gade LH. J. Am. Chem. Soc. 2011; 133:3658–3667. [PubMed: 21323382] 
Wickens et al. Page 6
Angew Chem Int Ed Engl. Author manuscript; available in PMC 2016 January 02.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Scheme 1. 
Mechanistic manifolds for alkene oxidation proceeding nucleopalladation. (top) β-hydride 
elimination. (bottom) reductive elimination.
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Scheme 2. 
Divergent reactivity as a function of solvent. [Pd] = PdCl2(PhCN)2 and [Cu] = CuCl2•2H2O.
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Figure 1. 
Stoichiometric reaction profiles to explore the role of the nitrite additive.
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Scheme 3. 
Preliminary mechanistic proposal. Pd(IV)* indicates a high-valent palladium species 
(monomeric Pd(IV) and Pd(III)[25] as well as dimeric Pd(III) are equally consistent with the 
current mechanistic evidence).
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Table 1
Effect of divergence from optimal conditions.
Entry Variation Yield (%)[a] Selectivity[b]
1 none ≥95 ≥20:1
2 no PdCl2(PhCN)2 0 –
3 no AgNO2 0 –
4 no CuCl2·2H2O 6 3:2
5 BQ replaces CuCl2·H2O 8 1:1.3
6 NaNO3 replaces AgNO2 7 ≥20:1
7 AgNO3 replaces AgNO2 44 ≥20:1
8 no Ac2O ≥95[c] ≥20:1
9 Pd(OAc)2 and Cu(OAc)2 0 –
[a]
Determined by 1H NMR analysis of the unpurified reaction mixture.
[b]
The ratio of dioxygenated products to Wacker-type ketone and vinyl acetate products was determined using 1H NMR analysis of the unpurified 
reaction mixture.
[c]Observed as a 1:1.5 mixture of monoacetates (see supporting information for details).
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Table 2
Evaluation of functional group tolerance[a]
Entry Starting Material Product Yield[b]
1 83%
2 81%
3 73%
4 91%
5[c] 74%
6 53%
7 83%
8[d] 63%
9 84%
10 90%
[a]Alkene (0.5 mmol) treated with PdCl2(MeCN)2 (5%), CuCl2·2H2O (5%), AgNO2 (5%) in AcOH/Ac2O/MeNO2 (10:5:3, 8 mL) under an O2 
atmosphere (1 atm) at 35 °C. Each reaction was shielded from light with aluminum foil.
[b]
Yield of isolated product.
[c]
Yield determined by 1H NMR analysis of the unpurified reaction mixture.
[d]
The crude reaction mixture was treated with DMAP/Ac2O to complete conversion from monoacetate to diacetate prior to isolation.
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Table 3
18O labeling experiments
Acetic acid source 18O/18O (A) 18O / 16O (B′+B″) 16O / 16O (C)
91% <5% <5%
51% <5% 48%
[a]
 4-phenylbutene (0.1 mmol) treated with PdCl2(PhCN)2 (10%), CuCl2·2H2O (10%), AgNO2 (10%) in AcOH/MeNO2 (4:1, 0.5 mL) under an 
O2 atmosphere (1 atm) at 35 °C. See supporting information for details.
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